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GASOLINES  AND  ENGINE  OILS: 


LITERATURE  REVIEW,  NEW  LABORATORY  OXIDATION  METHOD, 
AND  SIGNIFICANCE  OF  OLEFINS  IN  FUELS 


I.  INTRODUCTION 

The  scope  of  this  project  includes  oxidation  studies  on  two  types  of  products: 
gasolines  and  their  components  and  engine  lubricating  oils  and  their  base  stocks. 

1.  Gasolines  and  Their  Components.  Military  fuels,  because  of  strategic  con¬ 
siderations,  are  sometimes  stored  for  five  years  and  longer.  Under  such  conditions, 
some  components  of  gasoline  undergo  autoxidation  reactions,  producing  small  amounts 
of  higher  molecular  weight  compounds  commonly  called  gums.  The  military  services 
(1-8)*  and  industrial  organizations  (9-13)  recognized  that  these  gums  are  harmful 
to  spark  ignition  engines.  The  existing  empirical  laboratory  tests  of  accelerated  aging 
are  not  satisfactory  for  predicting  the  stability  of  gasolines  and  their  tendency  to  form 
gums  in  storage  ( 14-20).  The  newly  developed  method  overcomes  these  shortcomings. 

2.  Lubricating  Oils.  Lubricating  oils  were  selected  for  this  study  because  of 
military,  environmental,  and  energy -saving  needs. 

The  present  Army  specifications  for  engine  lubricating  oils  require  qualifica¬ 
tion  and  quality  conformance  tests  (21).  The  quality  conformance  tests  include 
only  the  measurements  of  physical  properties.  The  qualification  tests  include,  also, 
engine  tests  which  evaluate  certain  performance  characteristics  of  motor  oils.  In  one 
of  the  engine  tests,  ASTM  Sequence  IIIC,  it  is  assumed  that  oxidation  of  the  oil  is 
an  important  factor  contributing  to  oil  degradation  (22).  The  engine  tests  are  costly, 
and  it  would  be  advantageous  for  the  Army  to  have  simple  techniques  for  use  in 
qualification  and  quality  conformance  evaluation  of  motor  oils.  The  new  oxidation 
technique  was  applied  to  lubricating  oils  to  correlate  this  bench  method  with  the 
field  and  engine  test  performances. 

In  conjunction  with  the  energy  conservation  and  protection  of  the  environ¬ 
ment,  the  government  is  promoting  a  greater  use  of  recycled  or  re-refined  oil  as  base 
stock  in  the  manufacturing  of  engine  lubricating  oils  (23).  The  automotive  engine  oil  is 
composed  of  a  base  oil,  a  hydrocarbon  or  ester-type  compounds,  and  several  additives. 

*  Numbers  in  parentheses  refer  to  LITERATURE  CITED,  page  57. 


In  order  to  issue  the  proper  specification  for  base  oil  it  is  necessary  to  know  the 
effect  of  the  oil  on  the  performance  of  the  final  product  lubricating  oil.  Specifically, 
the  effect  of  the  composition  of  the  base  oil  and  the  formulated  oil  on  their  oxidative 
stability  was  sought.  This  study  clarifies  some  of  the  formulated  oil  -  base 
oil  relationships. 

3.  Statement  of  Content.  This  report  reviews  the  state-of-the-art  of  oxidation 
of  gasoline  and  lubricating  oil  and  describes  a  newly  developed  laboratory  method. 
The  application  of  this  method  to  various  fuels,  oils,  and  their  components;  the  signifi¬ 
cance  of  the  results;  and  a  critical  review  of  some  presently  accepted  engine  tests 
arc  presented.  The  importance  of  the  effect  of  reactive  olefins,  which  are  components 
ot  current  gasolines  and  projected  to  be  used  in  the  fuels  of  the  future,  is  discussed. 

11.  REVIEW  OF  LITERATURE  ON  GASOLINE  OXIDATION 

Many  studies  were  conducted  on  the  autoxidation  of  hydrocarbons  and  gasoline 
as  well  as  on  storage  stability  of  gasoline. 

1.  Effects  of  Gasoline  Composition.  In  the  forties,  there  were  numerous 

studies  on  the  effect  of  gasoline  composition  on  the  deposits  formation  in  the  engine. 
Aromatics,  olefins,  and  some  antioxidants  were  thought  to  cause  the  deposits(24)  (25). 
It  was  found  that  traces  of  metal  contaminants,  mainly  copper  or  copper  salts,  would 
act  as  oxidation  catalysts  and  produce  gum  in  storage  (261,  Recently,  the  specific 
catalytic  activity  of  numerous  alloys  and  metals,  in  the  oxidation  process  of  fuel, 
was  determined  and  tabulated  (27).  Benson  suggested  that  at  low  temperatures 
below  150°C  -  the  oxidation  of  most  organic  molecules  will  not  proceed  at  a  measur¬ 
able  rate  without  a  catalyst  or  a  radical  initiation  source  (28).  To  prevent  the  unde¬ 
sirable  oxidation,  antioxidants  (29-31)  and  metal  deactivator  additives  were  added  to 
gasoline  (30)  (32).  The  chemistry  of  gum  formation  was  studied  and  suggested  that 
the  components  which  contribute  to  gasoline  instability  are,  in  order  of  increasing 
effect:  Paraffins,  aromatics,  monolefins,  diolefins  (33).  Sulfur  compounds  were 

contributing  also,  while  tetraethyllead  did  not  have  any  effect  (33). 

2.  Gum  Precursors.  Numerous  symposia  and  conferences  were  organized  to 
discuss  the  relationship  between  gasoline,  engine  malfunctions,  and  methods  of  testing. 
The  consensus  was  that  the  gums  which  are  formed  during  storage  of  gasoline  by 
oxidation  or  otherwise  are  deposited  in  the  induction  system  of  the  engine  (1  1)  (12) 
(34-36).  The  formation  of  gums  was  explained  by  the  formation  of  oxygenated 
compounds-precursors,  which  by  thermal  condensation  or  polymerization  give  higher 
molecular  weight  products,  less  soluble  and  less  volatile  (37).  The  types  of  compounds 
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which  contribute  to  gum  formation,  in  a  decreasing  order,  were:  alkylbenzenes, 
cyclic  olefins,  sulfur  compounds,  polycyclic  compounds,  diolefins,  and  nitrogen 
compounds  (19).  It  was  claimed  that  sulfur,  nitrogen,  and  oxygen  compounds  present 
in  gasoline  in  concentrations  of  less  than  1%  were  responsible  for  the  formation  of 
lacquer  on  the  piston  rings  and  gum  deposits  in  the  carburetor  (38).  However,  there 
was  no  agreement  on  the  relative  contribution  of  different  types  of  chemical  com¬ 
pounds  to  gum  formation.  It  was  reported  that  olefins  and  mercaptans  present  in 
trace  amounts  in  the  fuel  by  co-oxidation  reaction  produce  precursors  of  gums  (39). 
Some  have  suggested  that  olefins  and  particularly  conjugated  olefins  are  highly  reactive 
and  are  incorporated  early  in  the  gum  formation  process  (40).  In  addition,  the  very 
methods  of  predicting  gasoline  stability  were  questioned  with  respect  to  their  reli¬ 
ability  (19).  The  oxidation  rate  of  pure  hydrocarbons  was  tabulated  (41).  The  results 
indicate  that  olefins  have  a  high  rate  of  oxidation. 

3.  Effects  of  Nitrogen  Compounds.  Nitrogen  compounds  were  singled  out 
for  studies  as  possible  sources  of  gum.  It  was  found  that  naphtha  produced  from 
shale  oil  and  containing  1.2  percent  nitrogen  gave  gums  with  an  enriched  content  of 
nitrogen  (8  percent)  (42).  Pyrroles,  indoles,  and  pyridines  were  the  main  contaminants 
suspected  of  producing  dark  colored  and  black  precipitates  of  petroleum  fractions 
under  storage  (42-48).  Early  studies  of  the  reaction  mechanism  explained  the  forma¬ 
tion  of  the  black  deposit  by  oxidation  of  pyrroles  and  reaction  with  mercaptans  (49). 
Later,  it  was  shown  that  the  pyrroles  oxidation  products  include  insoluble  higher 
molecular  weight  2-pyrrolone  derivatives  (50)  and  derivatives  of  maleimide  (51). 
Upon  storage,  carboxylic  acids  accelerate  the  formation  of  sediments  from  fuel  con¬ 
taining  pyrrolic  compounds  (52). 

4.  Reactivity  of  Hydrocarbons.  A  review  of  oxidation  of  petroleum  indicates 
the  order  of  decreasing  reactivity  of  hydrocarbons  as:  diolefins,  aromatic  olefins, 
olefins,  aromatics,  isoparaffins,  naphthenes,  and  paraffins  (20).  Among  aromatic 
hydrocarbons,  cumene  appears  to  be  very  reactive  (53). 

5.  Storage  Stability  of  Gasoline-Gum  Formation.  In  numerous  studies  the 
researchers  of  the  US.  Bureau  of  Mines  investigated  the  storage  stability  of  gasoline. 
They  found  that  after  the  removal  of  polar  compounds  containing  nitrogen,  oxygen, 
and  sulfur,  gasoline  upon  storage  produced  less  gum  than  the  original  sample  of  fuel 
(54).  The  gum-forming  reaction  involved  sulfur  compounds,  polycyclic  hydrocarbons, 
and  olefins  (15)  (55).  Aromatic  constituents  of  gasoline  were  responsible  for  signifi¬ 
cant  formation  of  gum  upon  storage  (15).  Reactions  between  thiolcs  and  olefins 
were  described  as  giving  precipitates  ( 16). 


6.  Mechanism  of  Deposit  and  Gum  Formation.  An  alternate  explanation  of 
deposit  formation  in  engine  induction  system  has  also  been  offered  (56).  Researchers 
have  suggested  that  oxidation  of  amine  compounds  present  in  gasoline  results  in 
long  chain  amides  and  carboxylic  acids.  These  compounds,  being  less  soluble  in 
gasoline,  precipitate  (56). 

The  mechanism  of  gum  formation  and  fuel  stability  was  studied  at  Stanford 
Research  Institute.  Gasoline  was  oxidized  in  the  presence  of  ultraviolet  light  (57). 
The  isolated  gums  were  formed  by  reaction  of  thiols  with  olefins  and  also  were  derived 
from  certain  active  nitrogen  and  sulfur  compounds  and  from  aromatics.  Jet  fuels 
were  oxidized  by  heating  at  temperatures  of  200°  C;  the  deposit  precursors  included 
higher  molecular  weight  aromatic  compounds  containing  ester  groups  (58)  (59). 

& 

Other  investigators  found  that  oxidation  of  jet  fuel  at  higher  temperatures 
gives  dark  deposits  with  higher  sulfur  content  than  found  in  parent  fuel  (60-62). 
Most  susceptible  to  oxidation  were  indene,  vinyicyclohexene,  and  octadiene  (60) 
(63).  Extensive  work  on  the  formation  of  deposits  in  jet  fuels  was  conducted  by 
Bolshakov  (64).  He  found  that  increased  oxidation  was  accompanied  by  an  increase 
in  the  acidity  of  sediments. 

7.  Free  Radical  Oxidation  Mechanism.  The  free  radical  chain  mechanism 
applicable  to  gum  formation  during  storage  was  presented  by  Mayo  (65)  (66)  and 
reviewed  by  Polss  (67).  The  mechanism  of  the  slow  oxidation  reaction  of  hydro¬ 
carbons  at  low  temperatures,  below  200°  C,  was  also  reviewed  (68)  (69).  In  the 
first  stage,  the  radicals  are  produced  by  thermal  initiation  without  oxygen,  thermal 
initiation  with  oxygen,  or  by  decomposition  ofperoxidic  oxidation  products  (65). 
After  the  radicals  are  generated,  they  can  react  in  three  ways,  by  oxidation,  by  poly¬ 
merization  and  coupling,  ot  by  chain  transfer.  The  coupling  reaction  increases  the 
size  of  the  initial  molecules  and  might  lead  to  gum  formation.  The  activation  energy 
of  a  number  of  elementary  reactions  which  occur  in  the  liquid  phase  during  autoxi- 
dation  of  hydrocarbons  has  been  determined  (70).  The  reactivity  was  shown  to  be 
due  to  radical  stabilization,  steric  effects,  and  polar  factors  (71). 

8.  Effects  of  Olefins.  In  more  recent  studies,  reactive  olefins  present  in  the 
fuel  arc  considered  the  most  important  components  in  the  formation  of  gum  in  storage. 
Catalytically  cracked  gasoline,  rich  in  olefins,  was  found  to  produce  gums  in  storage 
(72-75).  Also,  naphtha,  high  in  unsaturates,  had  a  high  gum  content  upon  storage 
(7(>).  Fuels  containing  olefins  when  exposed  to  an  oxidative  medium  exhibit  higher 
viscosity  due  to  autoxidation  and  polymerization  (77)  (78). 


It  has  been  demonstrated  that  olefins  react  in  the  combustion  chamber 
of  a  gasoline  engine  with  nitrogen  oxides  to  give  nitro-nitrates  derivatives  which  are 
transported  as  blow-by  into  the  crankcase  to  give  sludge  by  a  further  reaction  (79). 
Therefore,  it  is  suggested  that  the  concentration  of  olefins  in  gasoline  and  their  struc¬ 
ture  has  an  important  effect  on  sludge  formation. 

9.  Conclusions  of  Gasoline  Review.  At  the  conclusion  of  the  literature  review 
on  gasoline  oxidation,  the  following  unanswered  core  questions  remained:  a  reliable 
laboratory  oxidation  test  and  the  identification  of  the  specific  olefinic  compounds, 
gasoline  components,  which  are  responsible  for  the  gum  formation. 

III.  REVIEW  OF  LITERATURE  ON  OIL  OXIDATION 

In  the  early  stages  of  automobile  development,  scientists  and  engineers  assumed 
that  oxidation  of  engine  oil  causes  oil  degradation  and  leads  to  engine  malfunction. 
From  the  middle  1930’s,  oil  additives  containing  oxidation  inhibitors  were  used  in 
lubricating  oils  (80).  Currently  with  this  practical  solution,  laboratory  methods  were 
developed  to  evaluate  the  resistance  of  engine  lubricating  oil  to  oxidation. 

1 .  Bench  Tests.  One  of  the  early  methods  used  was  the  “Indiana  Oxidation 
Test  for  Motor  Oils""  (81).  It  consisted  of  bubbling  air  through  a  300-ml  oil  sample 
placed  in  a  glass  container  and  heating  it  in  an  oil  bath  at  172°C  for  several  days. 
The  amount  of  the  sludge  formed  and  increase  in  viscosity  was  measured  to  indicate 
the  degree  of  oxidation.  For  the  next  45  years  many  modifications  of  this  basic 
bench  test  were  developed.  The  laboratory  oil  oxidation  tests  conducted  under 
atmospheric  pressure  are  presented  in  Table  1,  which  includes  a  short  description 
of  each  test  and  the  significant  results.  Table  2  contains  the  tests  classified  according 
to  specific  test  conditions  and  oxidation  parameters. 

Several  laboratory  oxidation  tests  were  developed  using  rotary  bombs  under 
pressure  at  higher  temperatures  in  order  to  prevent  loss  of  the  tested  lubricant  by 
evaporation  ( I  1  5-1  19).  Performance  of  the  oils  were  judged  by  measuring  the  induc¬ 
tion  period.  The  induction  period  is  defined  as  the  time  required  to  reach  certain 
concentration  of  a  hydroperoxide  or  to  absorb  a  definite  amount  of  oxygen.  Numer¬ 
ous  review  articles  were  published  on  engine  lubricating  oil  requirements  and  oil 
oxidation  tests  ( 1  20-1  29). 

This  review  of  bench  oxidation  tests  indicates  that  only  one  laboratory 
test  has  a  good  correlation  with  engine  test.  It  was  developed  by  Forbes  and  Wood 
(98).  It  is  a  potential  predictor  of  oil  performance  in  the  engine  used  in  the  multi¬ 
cylinder  Sequence  V  test.  This  bench  test  is  a  modification  of  a  previously  reported 


Table  1.  Laboratory  Oxidation  Tests  in  Chronological  Order 


Test  Conditions 

Measured 

Oxidation  Parameters 

Significant 

Results 

Reference* 

300  ml 

172°C 

Oil  bath 

air-bubbled 
several  days. 

Sludge 

Viscosity 

81 

95°  to  1 75°C 

Fritted  glass 
metal  catalysts, 
several  hours 
oxygen-bubbled. 

Oxygen  absorption 
Kinetics 

Oxidation  products 

Oxidation  rate 

Varied  with  02 

How  rate. 

82 

125  ml 

1 77°C 

Stirrer-3000  r/min 
copper  bearings 

6-10  hours. 

Bearings  corrosion 

Correlation 

between  corrosion 
of  bearings 
determined  in  the 
lab  and  in  the  engine. 

83 

25°C 

Vessel  shaken 

oxygen 
gas  burette. 

Oxygen  absoprtion 
Kinetics 

84 

149°C 

Air-bubbled 
catalyst-Fe203  soap 
20  hours. 

Viscosity 

Acid  number 

85 

5g 

Induction  time 

86 

1 25°C 
Static  test 

catalyst-copper  naphthenate 
oxygen 


Table  I .  Laboratory  Oxidation  Tests  in  Chronological  Order  (Conf  d) 


Measured  Significant 

Test  Conditions  Oxidation  Parameters  Results  Reference* 

I50°C  Induction  time  Exponential  87 

Oxygen  regression  equation 

between  induction  time 
and  piston  cleanliness. 


250  ml 
21 8°C 
Air-bubbled 
Catalyst-metal 


Viscosity 

Neutralization  number 
Sludge 

Metal  Corrosion 


88 


5  g  Induction  time  89 

125°C 

Oxygen 

Catalyst-ferric  stearate 
Vessel  shaken 
Removal  of  gaseous 
products 


Oil  admixed  with  Sludge 

oxidized  cracked 
naphtha 

02  +  n2  +  no2 

93°C 
5  hours. 

Oil  admixed  with  Sludge 

combustion  blow- 
by  and  H2  S04 
93°C 

Oil  film  on  a  Sludge 

heated  metallic 
drum  admixed  with 
blow-by 


It  is  suggested  that  90 

sludge  in  engine  crank¬ 
case  oil  is  formed  from 
fuel  combustion  blow-by. 


91 


92 


Table  1 .  Laboratory  Oxidation  Tests  in  Chronological  Order  (Cont’d) 


Test  Conditions 

Measured 

Oxidation  Parameters 

Significant 

Results 

Reference* 

100  g 

1 10°C 

In  copper  cylinder 
90  hours 

Induction  time 

Sludge 

Acid  Number 

93 

30  g  Sludge 

1 20°  C  Acidity 

Oxygen-bubbled 
aluminum  heating 
block 

catalyst:  copper  naphthenate 
iron  naphthenate 

1 64  hours 

94 

40  ml 

200°C 

Air-bubbled 

oil  bath 

6  hours 

Viscosity 

Carbon  residue 

CO  band  in  IK 

No  valid 

correlation 

between  various 
parameters. 

95 

Oil  passed  over 
spinning  aluminum 
disk 

260°-343°C 

Deposit 

Oxygen  consumption 

96 

100  ml 

204°  C 

Catalyst:  copper 

68  hours 

Oil  loss 

Sludge 

Corrosion 

97 

Oil  admixed  with 
oxidized  cracked 
naphtha 

Sludge 

Good  correlation 
with  sludge  rating 
in  sequence  V  test. 

98 

02  +  Nj  +  NO* 


Test  Conditions 


Measured 

Oxidation  Parameters 


Significant 

Results 


Reference* 


Table  1 .  Laboratory  Oxidation  Tests  in  Chronological  Order  (Cont’d) 


Measured  Significant 


Test  Conditions 

Oxidation  Parameters 

Results 

Reference* 

40  ml 

Oxygen-bubbled 
230°  to  255°C 
Copper  and  brass 
catalysts 

Composition  of 
oxidation  product 
depletion  of  antioxidant 

112 

0.5  ml 

60°  C 

Oxygen 
+  cyclohexane 
+  azobisiso- 
butyronitrile 

Induction  time 
depletion  of  antioxidant 

No  linear 
correlation  with 
viscosity  increase  in 
sequence  111  C  test. 

1 13 

249°-540°C  C  omposition  of  114 

Air  +  hexadecane  oxidation  product 


Table  2.  Laboratory  Oxidation  Tests  —  Test  Conditions 
and  Oxidation  Parameters 

Test  Parameters 

References* 

Amount  of  Oil  Sample 

Up  to  1  ml 

104,  108,  112, 1  13 

1  to  40  ml 

86,  89  94,  95,  105 

40  to  1 00  ml 

93,97,  101 

100  to  300  ml 

81, 83,88,  103,  106 

Spray 

96 

Oxidant 

Air 

81,83,85,88,93,95,  103, 
107 

Oxygen 

70,82,84,  86,89,  102,  104. 
105.  108,  109;  1 12,  1 13 

02  +  N2  +  N0j 

90,  98 

02  +N02 

106 

Oxidant  Applied  by 

Bubbling 

81,  85.90.  93 

Atmospheric  pressure 

83,  84.  86,  89.  93,  94 

Through  fritted  glass 

82 

Means  of  heating 

Oil  bath 

81,82.85,89,95,  106 

Water  bath 


84 


Table  2.  Laboratory  Oxidation  Tests  -  Test  Conditions 
and  Oxidation  Parameters  (Cont’d) 

Test  Parameters 

References* 

Aluminum  block 

88,  94,  101,  102,  103 

Heated  metallic  drum 

92 

Copper  cylinder 

93 

Spinning  disk 

96 

Reaction  Temperature 

25°C 

84 

25°  to  100°C 

90,  91,98,  113 

100°  to  1  50° C 

70,  82,85,  86,87.93,94, 

106,  1  1  1 

1  50°  to  200°C 

70,  81.82.  83,95,  106,  109 

Above  200° C 

70,  88,96,97,  100,  102, 

107,  112.  114 

Catalyst 

Metal 

82, 83, 88,  97,  103. 105,  106 
112 

Soluble  iron  oxide  soap 

85 

Soluble  ferric  stearate 

89 

Soluble  metal  naphthenates 

86, 94, 101. 106 

Sludge  precursor 

90,  91.92 

13 
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Table  2.  Laboratory  Oxidation  Tests  —  Test  Conditions 
and  Oxidation  Parameters  (Cont'd) 


Test  Parameters 

References* 

Reaction  Time 

Up  to  10  hours 

82,  83,  90,  95 

1 0  to  72  hours 

85,  87.93,  105 

Beyond  3  days 

81, 93 

Time  to  absorb  X  ml  of 

oxygen 

101,  104 

Method  of  Agitation 

Stirrer 

83 

Shaking 

84,  89 

Oxidation  Parameter 

Viscosity 

81.  85.87,  88.95 

Amount  of  absorbed 

oxygen 

82,  84.  96.  101,  103 

Acid  number 

85.  88.93,  101,  103 

Infrared  spectrum 

95.  101 

Kinetics 

82.  99.  102.  107 

Induction  period 

70,  86.87.93,  101, 

Time  to  exothermic 
reaction 


108,  109,  110 


Table  2.  Laboratory  Oxidation  Tests  -  Test  Conditions 
and  Oxidation  Parameters  (ConCd) 


Test  Parameters 

Differential  scanning 
calorimeter 

Depletion  of  antioxidant 

Composition  of  oxidized 
oil 

Loss  of  oil 
Amount  of  sludge 
Deposit 

Corrosion  of  metals 

Numbers  refer  to  L1T1  RATCRI  C1TI  O,  page  57. 


References* 

108,  109,  1 10 

1 12,  1 13 

82,  99,  100,  1  12.  1  14 
97 

88,  90,91,92,93,96,97, 
98,  103 

111 

83.  88,97.  103 


method  (90).  The  original  method  considered  the  blow-by,  derived  from  the  fuel 
and  its  combustion  product,  an  important  factor  affecting  oil  oxidation  (90).  Since 
the  authors  (98)  presented  only  a  regression  line,  we  calculated  the  regression  equation 
from  the  published  data.  The  equation  is: 

Sludge  In  Sequence  V  =  -14.44  +  0.71  x  Merit  Bench  Rating 

where  n  =  17,  correlation  coefficient  is  0.94,  and  standard  error  of  estimate  is  2.84. 
The  engine  sludge  rating  varied  from  20  to  49. 

Tables  1  and  2  indicate  that  no  linear  correlation  was  found  between  dif¬ 
ferent  laboratory  bench  tests  and  Sequence  III  engine  test  (105)  (106)  (113).  Many 
of  the  above  listed  bench  tests  were  adapted  and  further  developed  by  different  organi¬ 
zations  despite  lack  of  correlation  with  engine  tests.  These  laboratory  tests  were 
finally  adapted  as  standard  methods  by  governmental  agencies  ( 1 30)  (131)  and  techni¬ 
cal  societies  ( 1 32)  ( 1 33). 

2.  Single  and  Multicylinder  Engine  Tests  (IIC  and  VC).  In  addition  to  bench 
tests,  the  evaluation  of  engine  oil  performance  is  conducted  in  single-cylinder  and 
multicylinder  engines  as  well  as  in  field  tests  in  actual  vehicle  service.  The  standard 
engine  tests  were  published  by  government  agencies  (134),  technical  societies  (22) 
(135)  (136),  and  international  organizations  (137)  (138).  In  many  cases,  different 
organizations  published  the  same  engine  test.  The  ultimate  objective  of  this  project 
in  the  area  of  lubricating  oil  is  to  develop  a  laboratory  oxidation  test  able  to  predict 
oil  performance  in  engines:  therefore,  the  significance  of  the  known  engine  tests  is 
being  reexamined  below.  Two  criteria  arc  used:  precision  of  the  laboratory  engine 
tests,  and  their  correlation  with  field  results.  It  has  been  noted  that  the  engine  test 
methods  have  not  been  subjected  to  the  usual  strict  standardization  procedure  of 
ASTM  (22)  ( 135).  In  fact,  the  precision  of  most  single  engine  tests  is  poor  (FTM  348, 
FTM  340.2,  FTM  346,  and  FTM  341.2)  (135).  The  FTM  3405.1  test  has  coefficient 
of  variation,  which  is  too  broad  ( 13.7  percent  to  38.5  percent)  ( 135). 

Among  multicylinder  engine  tests,  the  Sequence  VC  method  has  a  good 
precision  for  determining  average  sludge,  average  varnish  and  piston  varnish  parameters, 
under  low  speed,  low  temperature,  stop-and-go  driving,  and  moderate  turnpike  opera¬ 
tion  (22).  No  numerical  data  were  published  to  show  correlation  with  field  tests. 
However,  a  regression  line  was  presented  and  it  indicates  the  relationship  between 
the  same  parameters  determined  in  the  field  taxicab  service  and  the  laboratory  Sequence 
V  (122).  Since  Sequence  V  correlates,  as  previously  mentioned,  with  Forbes  and 
Wood's  bench  test,  the  latter  gives  a  potential  simple  laboratory  technique  to  predict 
engine  oil  performance  under  above  described  field  service  conditions. 
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Another  multicylinder  engine  test,  Sequence  IIC,  has  a  good  precision  of  rust 
and  corrosion  determinations  (22).  These  values  correlate  to  some  extent  with  those 
obtained  in  a  field  test  and  are  presented  in  the  form  of  a  graphic  curve  (22). 

3.  Sequence  1IIC  Engine  Test.  As  mentioned  previously  in  this  report,  the 
engine  test  Sequence  1IIC  was  of  interest  to  us  because  it  claims  to  indicate  the  ten* 
dency  of  the  oil  to  oxidation  (22).  The  precision  of  this  method  is  poor  with  respect 
to  viscosity  change  and  wear  ratings  (22).  No  regression  equation  was  published 
to  show  the  correlation  between  the  values  of  these  parameters  measured  in  the  labora¬ 
tory  and  those  found  in  the  field  (22).  The  graphs,  which  were  published,  indicate 
only  the  same  order  of  viscosity  increase  for  three  oils  subjected  to  laboratory  and 
field  tests  (22).  Since  the  relationship  between  the  laboratory  method  and  field  test 
is  significant,  it  is  discussed  in  detail  below. 

The  oil  viscosity  presumed  to  be  the  important  parameter  measured  in 
both  tests.  Viscosity  increase  indicates  the  “thickening"  of  the  engine  oil,  an  event 
which  is  harmful  and  may  cause  engine  failure  (139-142).  It  was  claimed  that  the 
increase  in  viscosity  of  used  engine  oil  is  caused  by  oxidation  and  nitration  of  the 
oil  (140).  The  infrared  carbonyl  and  nitrate  bands  were  presented  as  supporting 
evidence  (140).  We  suggest  that  these  bands  could  also  originate  from  fuel  compo¬ 
nents.  Other  researchers  proved,  as  cited  before,  that  olefins  present  in  the  fuel  or 
formed  from  the  fuel  in  the  combustion  chamber,  react  with  nitrogen  oxides  to  give 
nitro-nitrates  derivatives,  which  are  transported  as  blow-by  into  the  crankcase  oil 
(79)  (142).  These  materials  and  their  further  reaction  products  give  infrared  bands 
similar  to  those  reported  in  reference  140,  and  increase  the  viscosity  of  the  oil  (79). 
Other  investigators  did  not  find  a  linear  relationship  between  infrared  carbonyl  absorb¬ 
ance  of  the  oil  and  its  viscosity  increase,  in  a  laboratory  engine  test  (142)  (143).  The 
concentration  of  these  fuel-derived  products  in  the  oil  and  their  effect  on  viscosity 
increase  will  depend  upon  the  composition  of  the  fuel,  combustion  chamber  tempera¬ 
ture,  and  the  gap  between  the  piston  rings  and  the  cylinder  wall  of  the  engine  (144). 
Some  researchers  reported  that  the  laboratory  engine  test.  Sequence  IIIC,  correlates 
with  the  field  tests  (141)  (145)  (146).  This  conclusion  was  based  on  experiment 
containing  only  three  samples  and.  therefore,  statistically  not  valid.  Later,  field 
fleet  tests  were  conducted  to  find  the  relationship  between  the  engine  oil  viscosity 
and  engine  performance  (147)  (148).  It  was  concluded  that  the  laboratory  bench 
tests  do  not  satisfactorily  predict  the  viscosity  changes  of  the  oil  in  the  field  (147) 
(148). 


It  was  reported  that  the  volatility  of  the  lubricating  oil  is  an  important 
factor  contributing  to  the  oil  viscosity  increase  ( 142)  ( 1 49)  ( 1  50)  ( 1  5  1 )  ( 1  52).  Numer¬ 
ous  investigators  disclosed  that  the  shearing  stress  of  the  polymeric  viscosity  index 
improver,  an  additive  present  in  multiviscosity  oils,  and  oxidation  of  this  additive 
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during  engine  operation,  contribute  to  viscosity  changes  of  the  crankcase  oil  (105) 
( I  53)  ( 1 54),  The  effect  of  the  mechanical  condition  of  the  car  on  the  viscosity  change 
v\,is  also  emphasized  (155)  (15b)  (157)  (171).  In  summary,  viscosity  change  of  crank¬ 
case  oil,  the  presumed  indicator  of  oil  oxidation  (22)  (140)  (141),  in  fact  reflects 
several  phenomena.  These  include,  in  addition  to  oil  oxidation,  evaporation  of  the 
volatile  lubricant's  components,  shearing  of  oil  additives,  and  blow-by  from  the  com¬ 
bustion  chamber  into  the  crankcase.  In  the  field  service,  in  addition  to  the  oil,  im¬ 
portant  parameters  are:  the  fuel,  car,  and  driving  conditions,  all  of  which  may  vary 
greatly  and  are  difficult  to  control.  We  conclude  that  the  viscosity  change  is  not  a 
vaid  indicator  to  be  used  in  the  laboratory  engine  test  and  field  experiment. 

4.  Mechanism  of  Lubricant  Action  in  Engine.  Many  researchers  investigated 
the  chemical  and  physical  processes  which  take  place  in  the  engine  during  its  operation. 
The  objective  was  to  gain  better  understanding  of  the  mechanism  of  oil  degradation 
and  its  effect  on  engine  performance.  In  the  early  studies,  the  ring  sticking  and  forma¬ 
tion  of  lacquer  and  varnish  on  the  piston  was  explained  as  oxidation  of  the  engine 
oil  in  the  crankcase  and  deposition  of  the  insoluble  acidic  oxidation  products  in  the 
piston  ring  belt  (87)  (158)  (159).  In  more  systematic  studies  the  investigators  dis¬ 
tinguished  three  processes  taking  place  in  the  engine,  depending  upon  the  mode  of 
operation  of  the  vehicle  (ibO)  (Ibl).  These  were:  operation  of  the  engine  at  low 
temperature  during  short  trips,  at  moderately  low  temperature,  and  at  high  tempera¬ 
ture  under  heavy  loads.  At  low  temperature,  a  sludge  is  formed  in  the  crankcase 
from  the  blow-by  containing  soot,  condensable  fuel,  and  fuel  oxidation  and  other 
reaction  products  (161-166).  The  blow-by,  derived  from  the  fuel  in  the  combustion 
chamber,  enters  the  crankcase  oil  through  the  clearance  between  the  rings  and  the 
cylinder  wall.  This  product  may  corrode  bearings  (16 1)  (1 62).  The  crankcase  soot 
or  carbon  is  predominantly  formed  from  the  fuel  (167-171).  Under  moderate  tem¬ 
perature  conditions,  the  products  derived  from  incomplete  combustion  of  the  fuel 
and  its  oxidation  by  polymerization  form  varnish  (lbl).  The  reactive  intermediate 
oxidation  products  include  peroxy-acids.  hydroxyacids.  esters,  anhydrides,  lactones, 
ketones,  aldehydes,  alcohols,  and  olefins  (163).  At  high  temperature  operation 
piston  ring  zone  at  250°C  and  crankcase  at  150°C  the  oil  film  may  be  exposed  to 
high  temperature  of  the  ring  belt  for  0.5  to  1  percent  of  the  time  (161).  Under  such 
conditions,  a  fast  oxidation  reaction  of  the  lubricant  occurs,  leading  to  deposition 
of  varnish  on  the  piston  (161).  Many  authors  suggested  that  the  piston  varnish  may 
also  contain  soot  and  carbon  derived  from  the  fuel  ( 163-166)  (1  68). 

Some  researches  emphasized  the  role  of  sulfur  in  the  formation  of  piston 
deposits  (101)  (172).  Kreuz  suggested  that  the  fuel  or  lubricant  gives  by  oxidation, 
a  hydroperoxide  which  further  reacts  with  sulfur  dioxide  present  in  the  blow-by. 
The  sulfates  which  arc  produced  give  aldehydes  and  ketones  by  cleavage  reactions. 
These  two,  in  turn,  form  resins  by  condensation  (172). 


A  laboratory  oxidation  study  at  high  temperature  of  a  model  compound, 
octadecane,  one  of  lubricant's  base  oil  components,  suggested  another  mechanism 
of  deposit  formation  (100).  It  consists  of  oxidation  and  scission  of  the  molecule  to 
bifunctional  compounds,  which  could  polymerize  to  varnish  (100).  The  oxidation 
mechanism  of  mineral  oil  at  intermediate  temperatures  ( 1 00°C-220°C)  was  studied 
by  several  authors,  who  presented  the  intermediate  steps  and  rate  constants  (70) 
( 173).  It  was  reported  that  oils  with  high  aromatic  content  have  increased  thermoxi- 
dative  stability  ( 1  74). 

Numerous  reviews  of  the  mechanism  of  oil  oxidation  in  the  engine  were 
published  (175-178).  Several  symposia  were  organized  on  liquid  lubricant  technology 
with  emphasis  on  oil  oxidative  stability  (170-186).  Lansdown  reported  that  the 
overall  rate  of  oil  oxidation  is  controlled  by  the  rate  of  replenishment  of  gaseous 
oxygen  and  that  no  bench  test  results  can  be  extrapolated  to  field  applications  ( 1 70). 
He  believes  that  the  thickening  of  diesel  engine  lubricants  in  long  distance  high-speed 
road  transport  is  caused  by  accumulation  of  insoluble  material  derived  from  combus¬ 
tion  soot  (179).  Rounds  and  Hunsted  stated  that  oil  oxidation  in  the  engine  leads 
to  varnish  and  sludge  formation,  which  in  turn  causes  ring  sticking  ( 1 80).  Salomon 
believes  that  in  a  stagnant  atmosphere  without  oxygen  replenishment,  the  oxidation 
reaction  is  catalyzed  by  the  volatile  oxidation  products  which  cannot  escape  (181). 
Furry  found  that  base  oils  upon  refinement  became  less  resistant  to  oxidation  because 
of  removal  of  natural  oxidation  inhibitors  (182).  In  contrast,  Klaus  recommends 
to  remove  all  nonhydrocarbons  and  unsaturated  hydrocarbons  from  base  oils  and 
then  admix  the  remaining  pure  product  with  oxidation  inhibitors  to  obtain  better 
oxidative  stability  (183).  Salomon  suggests  that  the  usually  accepted  method  of 
measuring  the  volume  of  absorbed  oxygen  under  laboratory  test  conditions  does 
not  correlate  with  actual  service.  The  concentration  and  type  of  harmful  oxidation 
products  formed  during  test  are  more  significant  ( 1 84).  Also,  trace  amounts  of  impuri¬ 
ties  are  deleterious  (183).  The  soluble  metal  naphthenate  catalysts  which  are  used 
in  the  bench  tests  are  not  present  in  the  crankcase  oil  during  actual  service  (184). 
Appledoorn  suggests  that  the  highly  over-refined  base  stocks  may  still  retain  good 
antiwear  property,  depending  upon  the  combination  of  hydrocarbons  which  are 
present  (185).  He  recommends  to  use  the  acidity,  viscosity,  and  sludge  formed  during 
the  laboratory  oxidation  test  as  criteria  to  assess  the  resistance  of  the  oil  to  oxidation 
(185).  Smalheer  (186)  agrees  with  the  previously  cited  mechanism  of  sludge  and 
varnish  formation,  which  was  related  to  the  mode  of  engine  operation  (l6l).  No 
theoretical  criteria  are  available  to  select  the  additive  combination  best  suited  for 
a  given  base  stock;  therefore,  a  trial  and  error  method  is  used  ( 1 86). 

The  role  of  nitrogen  fixation  reaction  in  the  engine's  combustion  chamber, 
leading  to  nitrogen  oxides  and  finally  sludge  formation,  was  suggested  in  1930's 
(187-189).  However,  as  mentioned  previously  in  this  review,  the  mechanism  was 
unequivocally  proved  by  Vinyard  and  Coran  (79). 
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5.  Gas  Turbine  Engine  Oil.  Gas  turbine  lubricants,  in  contrast  to  gasoline 
and  diesel  engine  lubricants,  do  not  become  contaminated  with  the  fuel  byproducts 
during  service  ( 190)  (191 ). 

6.  Conclusions  of  Oil  Review.  The  oxidation  of  oil  in  gasoline  and  diesel 
engines  is  only  one  of  many  variables  contributing  to  lubricant  degradation.  There 
is  no  linear  correlation  between  the  tendency  of  oil  to  oxidation  and  engine  or  vehicle 
field  performance. 

The  Forbes  and  Wood's  bench  test  is  a  simple  laboratory  technique  having 
potential  for  predicting  oil  performance  under  low  speed,  low  temperature,  stop-and- 
go,  and  moderate  turnpike  driving  conditions. 

IV.  RESULTS  AND  DISCUSSION:  GASOLINE 

The  objective  of  this  part  of  the  study  was  to  develop  a  reliable  laboratory  oxi¬ 
dation  test  for  gasoline  and  to  identify  the  main  components  of  gasoline  responsible 
for  gum  formation  during  storage.  The  new  test,  its  advantages  and  application  to 
gasoline  and  its  components,  is  presented  in  this  chapter.  Also,  the  presence  and 
role  of  olefins  is  discussed. 

1.  New  Laboratory  Oxidation  Test  -  Technique  and  Advantages.  The  usual 
test  for  determining  the  oxidation  stability  of  gasoline  is  the  ASTM  Test  0525(14), 
which  is  also  used  for  routine  screening  of  antioxidant  gasoline  additives  (67).  The 
shortcomings  of  this  static  test  are:  a  limited  gas-liquid  contact  area  and  difficulties 
in  measuring  the  induction  period  an  indicator  of  gasoline  susceptibility  to  oxida¬ 
tion.  In  addition,  there  is  no  linear  correlation  between  the  induction  period  and 
storage  stability  of  gasoline  (17).  These  shortcomings  were  overcome  by  developing 
a  new  laboratory  oxidation  test  which  employs  different  techniques  with  easily  mea¬ 
surable  parameters. 

These  parameters  are:  volume  of  oxygen  consumed  and  estimated  dipole 
moment  of  the  oxidized  fuel.  The  techniques  employed  are:  absence  of  catalysts, 
stirring  the  fuel  in  an  autoclave  at  constant  speed  and  temperature  under  oxygen 
pressure  for  a  determined  period  of  time,  and  using  a  stirred  heating  oil  bath.  After 
experimentation,  the  temperature  of  !00°C  and  24  hours  reaction  time  were  selected 
as  best  conditions  for  producing  an  extensive  and  measurable  oxidation  reaction. 
We  decided  to  prevent  any  contact  between  metallic  surfaces  and  the  tested  fluid 
in  order  to  avoid  the  catalytic  effect  of  such  surfaces.  It  is  known  that  with  time 
such  surfaces  change  and,  therefore,  have  a  variable  effect  on  the  reaction,  resulting 
in  poor  precision.  Our  procedure  consisted  of  coating  the  inside  of  the  autoclave 
with  teflon  and  using  a  polycarbonate  stirrer  (Figure  1 ). 
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The  purpose  of  agitation  during  the  oxidation  reaction  is  to  increase  the 
contact  area  between  the  liquid  and  gas  and  to  disperse  the  reaction  heat,  thereby 
preventing  localized  temperature  increases  (107)  (192).  This  work  revealed  that  a 
greater  consumption  of  oxygen  occurs  during  stirring  than  under  the  ASTM  static 
conditions  (Table  3,  Tests  160-168  and  156-159,  respectively).  This  finding  suggests 
improved  sensitivity  of  the  new  technique.  The  use  of  a  stirred  oil  bath,  instead  of 
direct  heating,  further  improved  heat  transfer  and  increased  the  precision  of  the 
procedures.  The  standard  deviation  of  oxygen  consumption  in  experiments  with 
a  heating  mantle  was  157  ml,  while  in  the  oil  bath  experiments,  this  was  only  61 
ml  (Table  3,  Tests  104-124  and  160-169,  respectively).  The  new  technique  resulted 
in  good  repeatability  of  the  test  as  shown  in  experiments  with  different  gasolines 
(Table  4). 


Table  3.  Oxidation  of  Gasolines  at  100°C  and  for  24  hours: 
Effect  of  Reaction  Conditions 


Oxygen  Standard 

Consumption  (OC)  Deviation(S) 


Test  No. 

Sample  No. 

Reaction  Conditions 

(ml) 

(ml) 

160 

74 

Agitation  and  oil  bath 

566 

162 

74 

Agitation  and  oil  bath 

522 

165 

74 

Agitation  and  oil  bath 

623 

61 

168 

74 

Agitation  and  oil  bath 

481 

159 

74 

ASTM  static  conditions 

196 

156 

74 

ASTM  static  conditions 

1  18 

124 

73 

Agitation  and  heating  mantle 

529 

126 

73 

Agitation  and  heating  mantle 

677 

157 

104 


73 


Agitation  and  heating  mantle 


842 


Table  4.  Gasoline  Oxidation:  Tests  Precision 


Sample:  AL-5894-G,  Unleaded  Gasoline 


Test  No. 

Oxygen  Consumption  (OC),  ml 

778-48 

1404 

778-49 

1363 

778-50 

1359 

778-51 

1370 

778-52 

1363 

X=  1372  ml 
S=  18.4  ml 
V  =  1.3% 


752-160 

752-162 

752-165 

752-168 


566 

522 

623 

481 

X  =  548  ml 
S  =  61  ml 
V  =  1  V/r 


2.  Polarization  Index  -  New  Oxidation  Parameter.  Gasoline,  upon  storage, 
undergoes  autoxidation  reaction.  The  final  oxidation  products  are  soluble  polar 
compounds  and  insoluble  products  commonly  called  gums.  Both  have  measurable 
dipole  moments  in  contrast  to  the  starting  gasoline  which  is  predominantly  composed 
of  non-polar  hydrocarbons  (193).  In  this  method,  the  estimated  increase  in  dipole 
moment  was  used  as  a  criterion  for  predicting  gasoline  tendency  to  oxidation  and 
formation  of  gums  upon  storage. 

Under  the  reaction  conditions,  an  excess  of  fuel  with  respect  to  oxygen 
was  used:  approximately  0.3  mole  of  gasoline  per  0.07  mole  of  oxygen.  Assuming 
that  all  oxygen  was  consumed,  the  reaction  product  represents  a  still  dilute  solution 
of  polar  compounds  in  a  non-polar  solvent.  The  Debyes  method  could  have  been 
applied  to  determine  the  dipole  moment  of  the  polar  compounds  (194).  This  pro¬ 
cedure  is  too  complicated  to  be  considered  for  a  routine  test;  therefore,  an  approxi¬ 
mation  method  was  developed.  A  non-polar  substance  has  a  dielectric  constant  (e) 
roughly  equal  to  the  square  of  the  refractive  index  (n()2  ),  observed  with  visible  light 
at  the  same  temperature  (195).  It  can  be  assumed  that  the  difference  (e  -nD2)  is  an 
estimation  of  the  dipole  moment  of  a  polar  substance. 

Other  researchers  have  studied  petroleum  distillate  oils  containing  polar 
sulfur  compounds  and  found  that  fractions  of  high  dipole  moments  had  high  values 
of  the  (e-nn2)  expression  (196).  It  also  has  been  reported  that  this  expression  is  in 
general  agreeement  with  the  dipole  moment  of  gasoline  and  its  distillation  fractions 
containing  small  amounts  of  polar  substances  (193). 

This  approach  was  further  simplified  by  estimating  the  dipole  moment 
of  polar  molecules  present  in  the  reaction  mixture  from  the  expression: 

PI  =  e  -  nD2 

where  PI  is  named  “Polarization  Index."  and  e  and  nD  are  the  dielectric  constant 
and  refractive  index  of  gasoline.  The  PI  values  were  established  for  the  oxidized 
reaction  product  and  for  the  starting  material.  The  extent  of  oxidation  was  measured 
by  Polarization  Index  Differential  (PIA)  which  was  defined  as  the  difference  between 
the  polarization  indices  of  the  two  stages. 

3.  Correlation  Between  Two  Measured  Parameters.  The  validity  of  the  new 
technique  was  confirmed  by  a  highly  significant  correlation  between  PI  and  oxygen 
consumption  (OC),  measured  independently  in  the  experiments.  The  correlation 
was  computed  from  the  results  of  46  tests.  The  regression  equation  is: 


OC=  1517  PIA  +  138 

where  the  standard  error  of  estimate  is  129  ml,  and  the  coefficient  of  correlation 
is  0.97  (PC0.00I.  n  =  46). 

The  results  are  presented  in  Figure  2.  Tlas  equation  indicates  that  with 
increased  oxygen  consumption  there  is  an  increase  of  the  oxygenation  reaction  result¬ 
ing  in  formation  of  polar  oxygenated  compounds  at  greater  concentration.  This 
formula  provides  a  method  for  verifying  the  validity  of  each  oxidation  test  by  measur¬ 
ing  the  two  parameters  independently  and  comparing  their  values  with  the  equation. 

4.  Oxidation  of  Model  Compounds.  In  the  first  phase  of  this  study,  single 
compounds,  gasoline  components,  or  contaminants,  were  oxidized  as  10  percent 
solutions  in  isooctanc  (Table  5).  The  pure  solvent  isooctane  did  not  change 
significantly  when  treated  with  oxygen  for  a  prolonged  time.  Under  our  reaction 
conditions,  styrene  was  found  to  be  susceptible  to  oxidation,  as  predicted  by  its 
reactivity  (71), 

5.  Oxidation  of  Gasolines.  Results  of  the  oxidation  tests  on  gasolines  with 
known  composition  are  presented  in  Tables  6  and  7.  Most  starting  gasolines  are  not 
polar  and  have  PI  close  to  zero.  The  gasolines  with  relatively  high  olefin  content  are 
prone  to  oxidation  and,  as  expected,  gave  high  values  of  oxygen  consumption  and 
polarization  index  differential  (00  500ml  and  PlA>0.2).  It  can  be  seen  that  gaso¬ 
lines  high  in  aromatics  and  low  in  olefins  are  not  susceptible  to  oxidation.  The  infra¬ 
red  spectra  of  the  liquid  reaction  products  confirmed  the  presence  of  polar  molecules 
by  showing  strong  CO  and  OH  bands.  In  most  of  the  advanced  oxidation  reactions, 
small  amounts  of  solid  or  oily  precipitates  were  formed  (up  to  0.7  g). 

6.  Deposit  Formation  Upon  Oxidation.  Several  samples  of  combat  gasoline, 
referee  grade  (MIL-Ci-4601  5),  gave  a  dark  deposit  upon  oxidation.  The  deposit  con¬ 
tained  greater  amounts  of  nitrogen  (n  =  0,11%)  than  the  initial  fuel.  The  fuel  con¬ 
tained  28  percent  aromatics  6  percent  olefins,  and  22  p/m  of  nitrogen.  These  results 
indicate  the  possible  presence  of  traces  of  pyrrole  compounds  in  the  gasoline  sample. 
Pyrrole  compounds  are  producing  dark  colored  precipitates  when  exposed  to  oxygen 
(49-51).  In  our  experiments,  a  10  percent  solution  of  pyrrole  in  isooctane  had  also 
a  high  oxygen  consumption  and  produced  a  large  amount  of  black  precipitate  when 
oxidized  for  24  hours.  However,  the  nitrogen  content  of  the  deposit  is  still  too  low 
to  indicate  that  the  oxidation  deposit  is  only  formed  by  oxidative  polymerization  of 
pyrrole.  Another  mechanism  of  the  deposit  formation  is  advanced  here.  It  suggests 
that  gasolines  containing  pyrroles  and  olefins  give,  upon  oxidation,  carboxylic  acids 
which  react  with  pyrroles  and  oxygen  to  produce  the  deposits.  The  presence  of  car¬ 
boxylic  acids,  in  high  concentration,  in  the  deposits  was  confirmed  by  analysis.  The 
reaction  between  pyrroles  and  acids  in  the  presence  of  air,  has  been  reported  by  other 
researchers  (52). 
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Table  5.  Oxidation  of  Single  Compounds  -  10 %  Solution  in  Isooetane 


Starting  Material 

P'a 

OC.  ml 

Isooctane-Solvent 

0.003 

21 

Cumene 

0.007 

0 

m-Xylene 

0.015 

32 

Secondary  Butylben/ene 

0.016 

43 

Di-t-Butylsulfide 

-0.002 

52 

I)i-t-Bulty  Idisulfide 

0.007 

0 

Siyrene 

0.250 

882 

Table  b.  Oxidation  of  Leaded  Ciasolines 

C  omposition  of  Gasoline  Sample 

Aromatics.  r/< 

Olefins,  r\ 

PL 

OC.  ml 

37 

1 

0. 122 

188 

3  b 

1 

0.124 

247 

3  b 

1 

0.151 

270 

31 

7 

0.7*>b 

1  2b4 

24 

7 

0.b35 

1  130 

24 

7 

O.blb 

1  145 

20 

0 

0.752 

1  185 

:  7 


Table  7.  Oxidation  of  Unleaded  Gasolines 


Composition  of  Gasoline  Sample 


Aromatics,  % 

Olefins,  % 

P'a 

32 

1 

0.210 

38 

1 

0.276 

3 

4 

0. 1  56 

27 

4 

0. 1 34 

41 

6 

0.692 

41 

6 

0.750 

21 

7 

0.606 

21 

7 

0.599 

28 

10 

0.856 

36 

1: 

0.663 

36 

12 

0.637 

29 

19 

0.906 

30 

23 

0.837 

30 

23 

0.823 

OC,  ml 
277 

594 

286 

290 

I  196 

1213 

1204 

1234 

1288 

\  147 

1155 

1  257 

1344 

1376 


28 
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7.  Significance  of  the  Oxidation  Test.  This  new  oxidation  test  has  a  useful 
application  in  predicting  storage  stability  of  gasoline.  It  has  been  reported,  using 
other  accelerated  oxidation  tests,  that  a  relationship  exists  between  the  amount  of 
gum  formed  in  ambient  temperature  storage  and  the  volume  of  oxygen  consumed 
by  the  fuel  (55).  The  oxygen  consumption  and  PIA  parameters  can  be  assumed  to 
indicate  the  susceptibility  of  gasoline  to  form  gums  in  storage.  These  gums,  as  dis¬ 
cussed  above,  may  be  harmful  to  engines.  Gasolines  with  high  OC  and  PI  may  produce 
engine  failures.  This  was  suggested  by  occurrences  of  spark  plugs  fouling  in  engines 
run  on  gasoline  containing  6  percent  of  olefins  and  41  percent  of  aromatics  (Table  7). 
Also,  problems  occurred  with  the  gasoline  containing  12  percent  of  olefins  and  36 
percent  of  aromatics  (Table  7).  This  was  a  development  product  manufactured  from 
shale  oil.  It  contained  reactive  dienes  and  deteriorated  rapidly  in  storage.  This  fuel 
upon  testing  in  engines  caused  heavy  intake  valves  deposit  and  stuck  valves. 

8.  Olefins  in  Gasoline.  Their  Reactivity  Evaluated  by  the  Oxidation  Test. 

All  the  above  results  suggested  that  olefins  present  in  gasoline  have  the  greatest  effect 
on  the  oxidation  reaction  and  consequently  on  the  storage  stability  of  military  fuels. 
However,  it  is  known  that  different  types  of  olefins,  depending  upon  their  structure, 
vary  in  their  reactivity  towards  oxygen.  In  order  to  study  the  effect  of  structure  in 
the  extent  of  oxidation,  as  determined  in  this  method,  nine  pure  olefins  were  used. 
The  compounds  differ  with  respect  to  the  number  of  ally  lie  hydrogens  as  illustrated: 
4-methyl-l -pentene  having  2,  while  2,  3-dimethyl-2-butenc  having  12. 
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These  olefins,  containing  from  5  to  8  carbon  atoms  in  the  molecule,  were  oxidized 
as  10  percent  by  volume  solutions  in  isooctane.  The  results  are  presented  in  Table  8. 


Table  8.  Oxidation  of  Olefins  —  lO'Tr  Solution  in  lsooctane 


Olefin 

Number  of 

Ally  lie  Hydrogens  OC.  ml 

P«A 

OC  Adjusted  for 
0. 1  Mole,  ml 

4-Methyl- 1  -Pentene 

375 

0.0575 

964 

2,3 ,3-Trimethyl-l -Butene 

3 

432 

0.2003 

1  197 

4-Methy  1-2-Pen  tene 

4 

637 

0.21  15 

1609 

2-MethyM  -Butene 

5 

640 

0.2465 

1382 

2,4 ,4-Trimethy  1-2 -Pentene 

6 

768 

0.3550 

2259 

2 ,4-Dime  thy  1-2 -Pe  ntene 

7 

914 

0.4569 

2608 

2-Methyl-2-Butene 

9 

1316 

0.61  18 

2794 

2,3-Dimcthyl-2-Pentene 

1  1 

1308 

0.8490 

3535 

2, 3-Dimethy  1-2-Butene 

12 

1423 

0.8909 

3372 

lsooctane  Solvent 

30 

0 

A  linear  correlation  was 
ally  lie  hydrogens  (N): 

found  between 

oxygen  consumption  and 

the  number  of 

OC  =  11 1  N  +  1 4 1 

where  the  standard  error  of  estimate  is  8 
0.<)8(n=9). 

1  ml  and  the 

coefficient 

of  correlation  is 

As  expected,  a 

linear  regression 

equation  was 

also  found 

for  PL  and  the 

number  of  ally  lie  hydrogen  atoms: 

PIA  -  0.0838  N- 0.1  180 


30 


where  the  standard  error  of  estimate  is  0.0112  and  the  coefficient  of  correlation 
is  0.99  (n=9).  The  two  functions  are  presented  in  Figures  3  and  4. 

The  number  of  ally  lie  hydrogen  atoms  is  determined  by  the  structure  of  the 
molecule  of  an  olefinic  compound;  therefore,  the  oxidation  data  should  compare 
equimolar  amounts  of  the  olefins.  Consequently,  the  oxygen  consumption  was  com¬ 
puted  for  0.1  mole  of  each  compound  and  the  results  are  included  in  Table  8.  The 
linear  regression  equation  between  OC  adjusted  for  0.1  mole  and  the  number  of 
ally  lie  hydrogens  is: 

OC(|j  =  264  N  +  463 

where  the  standard  error  of  estimate  is  240  ml  and  the  coefficient  of  correlation 
is  0.97(n=9). 

The  regression  line  is  presented  in  figure  5.  The  standard  error  is  the  ad¬ 
justed  standard  deviation  of  the  differences  between  the  actual  and  the  estimated 
values  and  amounts  to  S  =  240  ml.  The  two  lines  are  drawn  in  Figure  5  at  240  ml 
above  and  below  the  regression  line.  This  is  analogous  to  the  practice  in  statistics 
of  presenting  the  normal  distribution  curve,  where  the  interval  between  the  mean 
value  minus  one  standard  deviation  and  the  mean  value  plus  one  standard  deviation 
covers  2/3  (67  percent)  of  the  population.  In  our  graphical  presentation  (Figure  5) 
it  can  be  seen  that  67  percent  of  points  (6  points)  fell  between  these  two  lines  or 
in  zone  with  one  standard  error  on  either  side  of  the  regression  line. 

This  finding  has  a  practical  application.  It  reduces  the  number  of  poten¬ 
tially  harmful  olefins  present  in  gasoline,  to  those  which  are  very  reactive;  those 
having  high  number  of  available  ally  lie  hydrogens.  This  new  oxidation  technique, 
combined  with  other  simple  analytical  procedures  may  indicate  the  concentration 
and  structure  of  an  olefinic  compound  present  in  a  gasoline  sample.  The  other  ana¬ 
lytical  procedures  will  include  the  separation  by  absorption  chromatography  of  the 
olefinic  fraction  and  the  determination  of  iodine  number  and  infrared  spectroscopic 
analysis  of  this  fraction. 

The  autoxidation  of  olefins  is  a  free  radical  chain  reaction  involving  several 
steps.  This  reaction  has  been  studied  by  numerous  investigators  for  many  years. 
Their  work  has  been  focused  on  the  mechanism  of  the  reaction,  determination  of 
the  yield  of  the  hydroperoxides  and  the  kinetics  of  the  oxidation  process  with  the 
rate  constant  determined  for  each  step  such  as  initiation,  propagation,  and  termina¬ 
tion  reactions  (197).  It  was  reported  that  the  behavior  of  unsaturated  compounds 
towards  oxygen  was  affected  among  others,  by  the  availability  of  ally  lie  hydrogens 
for  the  reaction  with  a  peroxy  radical  (198).  It  was  found  in  an  oxidation  reaction 
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that  2-methyl- 1 -butene  containing  5  ally  lie  hydrogens  was  more  reactive  than  1 -butene 
or  1-pentene  with  two  ally  lie  hydrogens  (199).  However,  to  our  knowledge,  no  data 
have  been  reported  on  the  simple  linear  relationship  between  the  number  of  available 
allylic  hydrogen  atoms  and  the  oxygen  uptake  or  between  this  number  and  the  con¬ 
centration  of  the  final  oxygenated  compounds  as  measured  by  their  dipole  moment. 

If  our  finding  could  be  extended  to  other  olefins,  it  would  provide  a  simple 
measure  of  the  reactivity  of  olefins  towards  molecular  oxygen,  considering  only 
the  yield  of  the  final  oxygenated  compounds  such  as  alcohols,  ketones,  and  acids. 

9.  Olefins  in  Present  Gasoline  and  in  Gasoline  of  the  Future  —  Effect  on 
Storage  Stability  and  Engine  Operation.  The  presence  of  reactive  olefins  in  gasoline  raises 
questions  about  their  role,  concentration,  and  future  use  in  gasoline  as  well  as  expected 
effect  on  engines. 

Petroleum  refiners  consider  olefins  an  attractive  component  of  gasoline 
because  unsaturates  have  higher  blending  octane  number  than  the  analogous  paraffins 
and  are  available  from  the  refinery  processes  (75)  (200-203).  It  was  confirmed  by 
a  fleet  test  that  gasolines  containing  high  percentage  of  olefins  have  high  Road  Octane 
Number  (204).  Numerical  values  of  blending  Research  Octane  Number  (RON)  of 
unsaturates  and  saturates  are,  for  example:  1-pentene  -  118,  versus  pentane  -  62; 
2,4,4-trimethyl-l-pentene  —  150,  versus  2,4,4-trimethylpentane  -  100  (200)  (205). 
The  liigher  octane  number  of  olefins  can  be  explained  by  the  fact  that  these  chemicals 
ignite  at  lower  temperatures  and  extend  the  combustion  of  hydrocarbons  in  spark 
ignition  engines  (206). 

The  presence  of  olefins  in  marketable  gasoline  was  reported  in  numerous 
publications  (207-216).  According  to  one  survey,  there  was  an  increase  of  average 
olefins  content,  measured  at  the  refineries  from  6  percent  to  8  percent  in  the  period 
of  1973  to  1974  (212).  Other  surveys,  containing  larger  numbers  of  samples,  indicate 
that  the  average  percentage  of  olefins  remained  unchanged  during  the  period  of  1976 
to  1979  and  amounted  to  7  percent  (214-216).  The  range  of  olefins  content  was 
recently  reported  to  be  0  percent  to  26  percent  (216  a). 

Examples  of  olefins  present  in  gasoline  are  shown  in  Table  9  along  with 
their  blending  research  octane  number,  number  of  allylic  hydrogens,  and  literature 
references.  It  can  be  seen  that  those  with  high  octane  number  have  high  number 
of  allylic  hydrogens  and  will  therefore  produce  gums  when  present  in  stored  gasoline. 
We  can  expect  an  increased  concentration  of  olefins  and  specifically  reactive  olefins 
in  gasoline  in  the  future. 


Table  9.  Examples  of  Olefins  Present  in  Gasoline 


Number  of 


Olefins 

Allylic 

Hydrogens 

Blending 

RON 

‘I  in 

Gasoline 

Reference 

Isohcxene 

112 

ND 

202 

Diisobutylene 

5 

148 

ND 

216  b 

2-Pen  tene 

5 

150 

0.9 

\  J 

o 

00 

2-Pentene 

5 

150 

1.6 

209 

2-Heptene 

5 

94 

ND 

213 

2-Octene 

5 

74 

ND 

213 

Isobutylene 

6 

170 

ND 

216  b 

2-ethyl-2-hexene 

7 

ND 

ND 

213 

2-methyl-2-pentene 

8 

159 

1.2 

207 

2-methyl-2-pentene 

8 

159 

0.3 

208 

3-methyl-2-pentene 

8 

125 

1.2 

208 

2-methyl-2-heptene 

8 

106 

ND 

213 

2-methyl-2-butene 

9 

140 

1.8 

207 

2-methyl-2-butene 

9 

140 

1.0 

209 

2~niethyl-2-butene 

9 

140 

ND 

213 

2-mcthyl-2-butene 

9 

140 

ND 

216  b 

2,3-Dimethyl-2-butene 

12 

185 

0. 1-0.2 

207 

Older  cars  and  new  cars  with  higher  compression  ratio  require  gasoline 
with  higher  octane  number  (217,  218).  To  increase  the  octane  number  and  the  yield 
of  gasoline,  the  following  refining  processes  will  be  emphasized  in  the  future:  polymer 
(200.  219-223)  and  pyrolysis  gasoline  manufacture  (224-226),  steam  cracking  (219, 
227,  228),  thermal  cracking  (229),  catalytic  cracking  (230-238),  and  hydrocracking 
(239-241).  The  fuel  from  these  processes,  despite  hydrogen  treatment,  will  contain 
olefins  because  of  the  desired  high  octane  number  (217,  220,  223,  225,  226,  230, 
231.  234,  237).  Such  gasoline  in  the  future,  and  specifically  the  fuel  containing 
olefins  like  isobutylenes  (217)  and  isoamylenes  (234),  with  high  ally  lie  hydrogen 
content,  may  produce  gum  in  storage,  despite  treatment  with  antioxidant  additives 
(201 ).  Harm  to  the  engines  may  result. 

10.  Conclusions  from  Gasoline  Study. 

a.  The  new  oxidation  test  is  a  reliable  method  for  determining  the  oxi¬ 
dative  stability  of  gasoline  and  its  components. 

b.  Gasoline  containing  olefins,  and  particularly  reactive  olefins,  is  prone 
to  oxidation  and  formation  of  gum  during  prolonged  storage. 

c.  The  susceptibility  of  olefins  to  oxidation  correlates  with  the  number  of 
ally  lie  hydrogen  atoms  in  the  molecule. 

d.  Olefins  prone  to  oxidation,  as  determined  by  this  method  are  the 
components  of  present  gasoline  and  the  fuels  of  the  future. 

c.  Gasoline  in  the  future  may  have  lower  storage  stability  and  on  storage 
form  gum  which  will  impair  the  operation  of  vehicles. 

V.  RESULTS  AND  DISCUSSION:  OILS 

The  successful  development  of  laboratory  oxidation  method  for  gasoline  sug¬ 
gested  its  applications  to  engine  oils.  The  objective  was  to  develop  a  precise  bench 
oxidation  test  which  would  correlate  with  engine  tests  and  field  performance.  The 
knowledge  of  oxidative  stability  of  base  stocks  and  the  effect  of  this  stability  on 
the  formulated  oils  was  also  sought. 

1.  Oxidation  Test:  Conditions  and  Precision.  The  optimum  reaction  condi¬ 
tions  which  were  determined  experimentally  consisted  of  stirring  50-ml  oil  sample 
at  350  r/min  and  I  50°C  for  48  hours.  The  initial  pressure  was  100  lbf/in 2 .  The 
precision  of  the  method  was  high  according  to  oxidation  tests  performed  on  several 
engine  oil  samples  (Tables  1 0  and  I  2). 


2.  Test  Parameters  and  Combined  Results.  As  in  the  gasoline  study,  the  extent 
of  oil  oxidation  was  ascertained  by  measuring  independently  oxygen  consumption 
and  polarization  index  differential.  A  significant  correlation  between  these  two 
variables  was  found  based  on  50  tests  performed  on  nonpolar  hydrocarbon  oils.  The 
regression  equation  is: 


OC  =  4751  P1A  +  166 

where  the  standard  error  of  estimate  is  155  ml,  and  the  coefficient  of  correlation 
is  0.90  (p<  0.001.  n=50). 

This  equation  indicates  that  with  increased  oxidation,  there  is  an  increase 
of  the  dipole  moment  of  the  oil.  Similar  results  were  reported  by  other  researchers 
(160).  It  provides  a  practical  method  for  verifying  the  validity  of  each  oxidation 
test  by  comparing  the  measured  value  of  OC  and  PIA  with  the  equation.  The  oxidation 
results  are  presented  in  Table  1 1  and  Figure  6.  The  oxygen  consumption  varied 
from  36  to  1532  ml  and  shows  the  ability  of  this  test  to  discriminate  oils  of  different 
oxidative  stability. 

3.  Oxidation  Test  of  Synthetic  Oils.  The  Polarization  Index  formula 
(PI  =  e  -nD  2 )  cannot  be  applied  to  polar  synthetic  lubricating  oils  because  they  predomi¬ 
nantly  contain  esters  of  high  dipole  moments.  The  polar  molecules  interact  since 
they  are  not  separated  by  nonpolar  molecules  of  the  liquid  solvent.  The  measured 
PI  values  of  bulk  polar  compounds  therefore  are  not  linearly  related  to  the  dipole 
moments  of  these  materials.  Our  Polarization  Index  method  is  applicable  to  gasolines 
and  oils  with  low  initial  dipole  moments  and  which  upon  oxidation,  still  represent 
dilute  solutions  of  polar  molecules  in  a  nonpolar  solvent,  hydrocarbon.  The  PI  values 
of  polar  oils  as  measured  in  these  experiments  may  only  approximate  the  high  polarity 
of  these  substances.  The  oxidation  results  on  synthetic  oils  are  presented  in  Table  12. 
The  oxygen  consumption  was  used  as  the  only  criterion.  These  oils  are  relatively 
resistant  to  oxidation.  The  coefficient  of  variation  is  relatively  low,  confirming  the 
high  precision  of  the  oxidation  method. 

4.  Relationship  Between  Oxidative  Stability  and  Oil  Characteristics.  The 
purpose  of  this  phase  of  our  study  was  to  gain  better  understanding  of  the  effect 
of  oil  properties  on  the  oxidative  stability  of  the  oil.  These  properties  included  chemi¬ 
cal  composition,  unsaturation,  viscosity,  water  content,  concentration  of  elements- 
potential  contaminants,  gravity,  and  boiling  range.  Oxidation  runs  performed  on  a  few 
model  compounds-engine  oil  components  did  not  show  any  increase  of  oxygen  con¬ 
sumption  or  significant  differences  between  the  paraffinic,  aromatic,  and  olefinic 
hydrocarbons  of  low  reactivity  (Table  13).  These  compounds  were  tested  as  10- and 
30-percent  solutions  in  dicster  oil  of  high  oxidative  stability.  Because  of  the  polar 
character  of  the  solvent,  no  polarization  index  was  determined  for  these  solutions. 
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Table  10.  Oil  Oxidation,  Test  Precision 


Sample:  Lubricating  Oil,  Synthetic  Hydrocarbon,  AL-5009  L. 


OC  ml 

P'a 

674  ‘ 

0.1780 

781 

0.1510 

713 

0.1345 

719 

0.1359 

686 

0. 1 366 

718 

0.1328 

690 

0.1396 

734 

0.1457 

712 

0. 1  366 

T  =  714  ml 

S  =  3  1  ml 

V  =  4.49; 
n  =  9 

*X  =  0.1434 

S  =  0.0142 

V  =  9  9';; 
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Table  10.  Oil  Oxidation,  Test  Precision  (Cont’d) 


OC  ml  P1A 


Sample:  Lubricating  Oil,  AL-6193L,  Formulated  from  Reprocessed  Oil. 


OC,  mi  PIA 


320 

0.0554 

332 

0.0554 

319 

0.0547 

326 

0.0562 

322 

0.0532 

327 

0.0569 

X  =  324  ml 

S  =  5  ml 

V  =  1 .5% 

n  =  6 

X  =  0.0053 
S  =  0.0013 
V  =  2.3'7 

f 


Table  I  I .  Oxidation  of  Oils 


Oil  Sample 

- -  1 

No. 

Description 

CX\  ml 

p'. 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Re  re  fined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Re  re  fined  Base  Oil 

Rere fined  Base  Oil 

Re  re  fined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Rerefined  Base  Oil 

Petroleum  Base  Oil 

Petroleum  Base  Oil 

Petroleum  Base  Oil 

Rerefined  Base  Oil 

Engine  Oil  Formulated  from  1538 

Rerefined  Base  Oil 

Fngine  Oil  Formulated  from  1526 

Fngine  Oil  Formulated  from  Rerefined  Oil 

FngineOil  Formulated  from  Rerefined  Oil 

Fngine  Oil  Formulated  from  Rerefined  Oil 

FngineOil,  Mil-L-2104  C 

FngineOil,  Mil-L-2104  C 

Fngine  Oil,  Mil-L-2 104  C 

FngineOil,  Mil-L-2104  C 

FngineOil,  Mil-L-2  104  C 

Fngine  Oil,  Mil-L-2104  C 

Fngine  Oil,  Mil-L-2  104  C 

Fngine  Oil,  Mil-L-2104  C 

Reference  Oil 

Reference  Oil 


00727 
0.0862 
0.0939 
0.0736 
0.0596 
0.0720 
095 
00750 
0.0760 
0.0670 
0.1020 
0.0777 
0  1014 


0  0628 


0.2410 

0.2280 

0.0624 

00506 

0.1678 


0.1498 

0.1059 

0.0997 

0.1345 

0.1237 

0.0950 

0.0454 


0.0485 


0.1457 

0.0864 


Table  II.  Oxidation  of  Oils  (Cont’d) 


Oil  Sample 

(X,  ml 

PI, 

No 

Description 

1 

Reference  Oil 

S34* 

0.0721 

70H 

Reference  Oil.  Sequence  lest  UK* 

1281 

0.2427 

70K 

Reference  Oil.  Sequence  lest  lll( 

1422 

0.2733 

72A 

Reference  Oil.  Sequence  Test  UK’ 

6  22 

0.0871 

^5  A 

Reference  Oil.  Sequence  l  est  UK' 

<>55 

0.0831 

75B 

Reference  Oil,  Sequence  lest  UK 

1031 

0.1 050 

75(‘ 

Reference  Oil.  Sequence  test  UK' 

o90 

0.1207 

Cil-A 

Turbine  Oil 

240 

0.0531 

C»  T-B 

Turbine  Oil 

3o 

0.044 

(.14 

Turbine  Oil 

504 

0.0O55 

C'.l-Ci 

Turbine  Oil 

458 

0.0823 

( .  Ill 

Turbine  Oil 

3<>9 

0.0349 

(ill 

Turbine  Oil 

00 

0.0140 

I  able  1  2  Oxidation  of  S\  nthctic  Polar  Oils 


PI  of 

Oxvaen  C  onsumption 

Sample 

Starting  Material 

ml  SV 

Table  13.  Oxidation  of  Model  Compounds  Oil  Components 
Solution  in  Diester  Lubricant 


Compound 

Ot\  ml 

Solve 

nt:  Diester  Oil.  AL-5075 

1  20  (average) 

1  O', 

ii  Doeosane 

1  10 

i  or; 

t  Doeosene 

108 

30'T 

1  Doeosene 

133 

i  O'; 

Dimethyl  Naphthalene 

101 

10'; 

Naphthalene 

140 

30'*; 

Tetradecane 

144 

30'; 

Hexadeeane 

100 
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The  quantitative  determination  of  unsaturation  of  oils  was  performed  by 
measuring  iodine  number  of  28  samples.  The  results  are  presented  in  Table  14.  The 
unsaturation  was  very  low  as  indicated  by  low  iodine  number.  No  linear  correlation 
was  found  between  oxygen  consumption  and  iodine  number. 

We  cited  in  our  literature  review  on  oil  oxidation  (Section  111,  paragraph  3) 
some  authors  who  reported  that  extended  oil  oxidation  resulted  in  increased  viscosity 
(140).  No  such  linear  correlation  was  found  in  our  experiments  when  oxygen  con¬ 
sumption  and  polarization  index  were  compared  with  viscosity  change  afttr  oxidation 
tests  (Table  15).  Such  lack  of  correlation  was  expected.  The  value  of  the  dipole 
moment  of  the  oxidized  oil  depends  upon  the  type  and  concentration  of  the  oxyge¬ 
nated  compounds,  such  as  alcohols,  aldehydes,  ketones,  and  acids  in  the  nonpolar 
hydrocarbon  medium.  Dipole  moments  and  viscosities  of  several  oxygenated  com¬ 
pounds  are  presented  as  an  example  in  Table  16.  It  can  be  seen  that  dipole  moment 
does  not  correlate  with  viscosity.  The  high  viscosity  of  the  oxygenated  compounds 
derived  from  the  same  hydrocarbon  can  be  explained  by  the  presence  of  intermolecu- 
lar  hydrogen  bonding  in  the  less  polar  compounds.  Alcohols  have  higher  viscosities 
than  the  corresponding  aldehydes. 

Water  present  in  the  oil  because  of  high  dielectric  constant  could  affect 
the  precision  of  our  polarization  index  measurements.  Also,  water  could  affect  the 
oil  sample  tendency  to  oxidation.  Two  oil  samples  selected  randomly  contained 
very  low  amounts  of  water  before  and  after  the  oxidation  test  (Table  17).  The  Karl 
Fisher  method  was  used.  Such  low  concentration  did  not  have  a  significant  effect 
on  the  results.  The  effect  of  other  characteristics  of  oil  on  oxidation  is  discussed 
in  the  following  paragraph. 

5.  Oxidation  of  Re-refined  Oils.  In  conjunction  with  Army-Environmental 
Protection  Agency  program  on  re-refined  oils,  a  number  of  re-refined  base  stocks 
and  finished  engine  oils  made  from  these  stocks  became  available  (242).  We  investi¬ 
gated  the  effect  of  base  stocks  composition  and  characteristics  on  their  oxidative 
stability  and  compared  the  latter  with  that  of  finished  engine  oils.  The  analyses 
of  these  oils  were  performed  by  other  researchers  (242).  Table  18  contains  a  repro¬ 
duction  of  these  results  along  with  our  oxygen  consumption  data.  It  can  be  seen 
that  no  one  property  of  the  re-refined  base  stock  correlates  with  its  oxidative  stability 
as  measured  by  our  test.  Also,  the  aromatic  content  of  these  base  oils  (242)  does 
not  relate  to  their  tendency  to  oxidation.  The  oxidation  data  on  these  oils  are  com¬ 
pared  with  those  of  corresponding  finished  lubricating  oils  (Table  19).  In  six  cases, 
the  formulated  oils  despite  the  presence  of  antioxidant  additives  were  more  susceptible 
to  oxidation  than  the  base  stocks.  In  two,  cases,  no  significant  change  was  found,  and 
in  only  one  case,  an  improvement  was  observed.  This  finding  suggests  that  the  dif¬ 
ference  in  oxidative  stability  of  base  stock  has  no  effect  on  the  properties  of  the 
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Table  14.  Oxidation  of  Oils:  Oxygen  Consumption  Versus  Iodine  Number 


Oil  Sample 

OC,  ml 

Iodine  Number 
of  Starting  Oil 

AL-6193 

324  (average) 

4.65 

A  1,-5009 

714  (average) 

3.66 

CCL-864 

381 

4.60 

C’CL-879 

846  (average) 

3.37 

CCL-844 

496 

4.74 

CCL-849 

493 

4.78 

CCL-845 

515 

4.75 

AL-6755 

1500  (average) 

3.30 

CCL-848 

889 

5.38 

CC  l -850 

451 

3.73 

CC 1-852 

482 

4.12 

CCL-853 

511 

4.49 

CCL-846 

807 

4.91 

CCL-863 

443  (average) 

3.91 

AL-6540 

963 

5.40 

AL-6541 

901 

4.95 

AL-6542 

1077 

5.12 

AL-6850 

230 

3.60 

IRDA  1538 

256 

3.70 

ERDA  1  539 

1002 

4.79 

IRDA  1526 

1532 

4.60 

IRDA  1527 

996 

4.63 

A  STM  (iT-B 

36 

1.34 

AS TM  (IT- A 

246 

3.78 

CCL-847 

702 

5.12 

Reference  Oil  70R 

1422 

5.20 

Reference  Oil  7011 

1281 

5.41 

Reference  Oil  LX-1 

1038  (average) 

4.87 
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Table  15.  Viscosity  Change  of  Oxidized  Oil  with  Respect  to  Initial  Product 


Oil  Sample 

0C\  ml 

PIa 

(/c  Kinematic  Viscosity 
Change  at  100°F 

Reference  Oil,  70R 

1422 

0.2733 

16.0 

(M1L-L-2104C)  3 

617 

0.950 

1 1.0 

(MIL-L-2 104C)4 

299 

0.0485 

-17.0 

Reference  Oil,  LZ-1 

1038 

0.1662 

38.0 

Table  16 

.  Selected  Dipole  Moments  and  Viscosities 

Compound 

Dipole  Moment 

Debyes 

Dynamic  Viscosity 
Centipoise.  at  20°C 

i 

Hthanol 

1.65 

1.2 

Acetaldehyde 

2.69 

0.22 

l-Propanal 

1.68 

2.26 

Propanal 

2.52 

0.41 

Cyclohexane 

0.0 

1.02 

Cyclohexanol 

1.69 

68 

(Cyclohexanone 

2.75 

21 

Toluene 

0.36 

0.59 

Benzyl  Alcohol 

1.71 

5.8 

Benzaldehyde 

2.75 

1.39 

Table  17.  Oxidation  of  Oils  Water  Content 


Oil  Sample 

OC,  ml 

%  Water  Content 

In  Starting  Oil  In  Oxidized  Oil 

Al.  6755 

1500 

0.033 

0.015 

(Tl.  848 

889 

0.029 

0.01  1 

47 


Table  19.  Oxidation  of  Re-Refined  Oils:  Base  Stocks  and  Formulated  Oils 


Oil  Sample 

OC,  ml 

Base  Stock  846 

807 

0.1020 

Formulated,  OS-37708 

846 

0.1343 

Base  Stock  848 

889 

0.1095 

Formulated,  OS-37606 

1317 

0.2239 

Base  Stock  850 

451 

0.0750 

Formulated.  OS-37709 

885 

0.0963 

Base  Stock  852 

482 

0.0760 

Formulated.  OS-37710 

775 

0.1259 

Base  Stock  853 

511 

0.0670 

Formulated,  OS-37711 

757 

0. 1 2  08 

Base  Stock  863 

443 

0.0895 

Formulated.  OS-37607 

867 

0.1433 

FRDA  Re-refined  Base  Oil  1  538 

256 

0.0506 

Formulated,  1539 

1002 

0.1678 

FRDA  Re-refined  Base  Oil  1526 

1532 

0.3090 

Formulated,  152? 

996 

0.1498 

Base  Stock  AL-4598 

421  (average) 

0.0733  (average) 

Formulated,  AL-4597 

425  (average) 

0.0754  (average) 

formulated  oil.  Other  researchers  have  found  that  the  differences  in  base  stock  can 
be  adequately  compensated  for  by  changes  in  type  and  concentration  of  additive 
(243)  (244).  No  relationship  was  reported  between  base  stock  characteristics  and 
the  performance  of  engine  oil  formulated  from  such  stock  (186)  (245).  We  conclude, 
in  agreement  with  our  literature  review,  that  the  oxidative  stability  of  the  engine 
oil  is  not  a  primary  factor  in  oil  performance.  This  conclusion  is  confirmed  by  engine 
and  field  tests  described  in  the  following  paragraph. 

6.  Relationship  Between  Oil  Oxidative  Stability  and  Oil  Performance  in  Engine 
and  Field  Tests.  Engine  oil  samples  were  received  from  the  same  investigators  who 
published  the  engine  and  field  test  results.  No  correlation  was  found  between  oxygen 
consumption  in  our  test  and  performance  in  single-cylinder  engine  test  (L-38,  FTM 
3405.1)  (Table  20). 

Table  20.  Laboratory  Oil  Oxidation  l  est  and  Single-Cylinder  Engine  Test  (L-38) 


Oil  Sample 

OC\  ml 

L-38  Test 

RHO  176 

612 

Satisfactory  perfo nuance 

REO  177 

761 

Failed 

RIO  178 

53c> 

Failed 

AL-4597 

425  (average) 

Satisfactory  perfo rma n ce 

Thirty-four  engine  oils  of  known  performance  in  Sequence  11IC  engine 
test  were  evaluated  by  our  oxidation  method  (Table  21).  The  first  nine  products 
on  the  list  were  formulated  from  previously  described  re-refined  base  stocks  (242, 
246).  No  linear  correlation  was  found  between  oxidative  stability  of  engine  oils  and 
the  parameters  which  are  determined  in  this  engine  test.  These  parameters  include 
viscosity  increase  at  40  and  64  hours  and  ring  land  deposit.  This  laboratory  finding 
confirms  our  previous  conclusion  based  on  literature  data  that  viscosity  change  in 
Sequence  lllC  is  a  poor  predictor  of  crankcase  oil  action  and  that  the  Sequence  IIIC 
is  not  related  to  field  performance. 

This  oxidation  test  was  also  applied  to  21  engine  oils  of  known  performance 
in  Sequence  VC’  engine  test  (Table  22).  No  linear  correlation  was  found  between 
oxygen  consumption  and  parameters  such  as  piston  varnish,  average  engine  varnish 
and  average  sludge,  all  of  which  are  usually  determined  in  this  engine  test.  As  pre¬ 
viously  cited  in  our  literature  review,  the  correlation  between  the  Sequence  V  engine 


Table  2  1 .  Laboratory  Oil  Oxidation  Test  and  Engine  Test-Sequence  IHC 
(Specification  MIL-L-46152) 


Oil  Sample 

OC,  ml 

SEQUENCE  IIIC 

Viscosity  Increase 

("  40  hours  (<*  64  hours  Ring  Land  Deposit 

OS-37606 

1317 

1 1 1 

173 

8.1 

OS-37709 

885 

126 

4774 

7.6 

OS-37710 

775 

88 

117 

8.3 

OS-37711 

757 

69 

1 14 

8.0 

OS-37708 

846 

105 

166 

7.95 

OS-37607 

867 

62 

103 

8.1 

ERDA  1539 

1002 

18 

ND 

8.0 

ERDA  1527 

996 

21 

ND 

7.5 

AL-4597 

425  (average) 

981 

TVTM 

5.9 

Reference  Oil  70R 

1422 

>  600 

Reference  Oil  70H 

1281 

>  2000 

(M1L-L-2 1 04C)  6 

765 

385 

TVTM 

8.1 

(M1L-L-2 1040  3 

617 

304 

TVTM 

7.0 

(MIL-L-2 1040  c> 

294 

9390 

TVTM 

6.9 

Reference  Oil  LZ-1 

1038 

19.8 

>  1 500 

ND 

Reference  Oil  70M 

623 

45 

1  13 

7.7 

Reference  Oil  7  IB 

336 

80 

>  1000 

ND 

Reference  Oil  73B 

699 

91 

TVTM 

7.9 

Reference  Oil  700 

1247 

>  1000 

ND 

Reference  Oil  70P 

1028 

>  1000 

ND 

(.MR-9522 

1  296 

>  1000 

ND 

GMR-9521 

1416 

>  1000 

ND 

GMR-9524 

671 

>  1000 

ND 

AL  5009 

714 

179 

462 

7.0 

(MIL-L-46152)  1 

658 

83 

1520 

6.7 

(MIL-L-46152)  2 

9  54 

50 

4020 

8.2 

{ M1L-L-46 152)9 

1  503 

219 

3860 

7.6 

( MIL-L-46 152)  7 

1220 

66 

269 

6.7 

(MIL-L-46152)  6 

1014 

63 

TVTM 

7.2 

Reference  Oil  75A 

665 

380 

>  1000 

7.4 

Reference  Oil  75B 

1031 

75 

>  1000 

6.5 

Reference  Oil  75C 

690 

120 

266 

7.9 

Reference  Oil  72A 

622 

352 

>1000 

6.8 

Reference  Oil  73A 

372 

120 

>  1000 

7.6 

Table  22.  Laboratory  Oil  Oxidation  Test  and  Engine  Test  -  Sequence  VC 
(Specification  MIL-L-46152  and  MIL-L-2104C) 

Sequence  VC 

(Average) 


Oil  Sample 

OC,  ml 

Piston  Varnish 

Kngine  Varnish 

Average  Sludge 

OS-37606 

1317 

8.0 

8.3 

9.6 

OS-37709 

885 

7.9 

8.2 

9.6 

OS-37710 

775 

8.2 

8.3 

9.6 

OS-37711 

757 

8.1 

8.6 

9.6 

OS-37708 

846 

7  9 

7.9 

9.6 

OS-37607 

867 

7.9 

8.4 

9.6 

ERDA  1539 

1002 

7.7 

8.3 

9.5 

ERDA  1527 

996 

7.9 

8.4 

9.5 

AL-4597 

425  (average) 

6.2 

6.2 

6.7 

(M1L-L-2 104C)  6 

765 

8.0 

8.0 

8.6 

(MIL-L-2 104C)  3 

617 

8.1 

8.0 

9.1 

(MIL-L-2 104(')  9 

294 

7.7 

7.2 

8.1 

(MIL-L-2 104C)4 

309 

7.5 

8.1 

8.0 

FREO  201-1 

340 

7.7 

7.7 

8.0 

FRHO  203 

512 

8.1 

8.6 

9.2 

AL-5009 

714 

8.3 

8.7 

9.0 

(MIL-L-46152)  I 

658 

8.5 

8.2 

9.1 

(MIL-L-46152)  2 

954 

8.5 

9.0 

9.5 

(MIL-L-46152)  9 

1  503 

8.2 

8.4 

9.2 

(MIL-L-46152)  7 

1220 

8.0 

8.0 

9.3 

(MIL-L-46152)  6 

1014 

8.0 

8.0 

9.6 

test  and  Forbes  and  Wood's  bench  test  was  feasible  to  derive  because  the  latter  re¬ 
flected  not  only  the  effect  of  the  engine  oil  but  also  of  the  fuel  and  combustion 
blow-by  (98).  No  such  fuel  and  combustion  parameters  were  included  in  our  labora¬ 
tory  oxidation  method. 

Eight  samples  of  engine  oils  which  were  among  those  evaluated  by  this 
method  were  also  tested  in  fleet  tests  in  actual  service  (242)  (247).  The  results 
are  compared  and  presented  in  Table  23.  Oxygen  consumption  varied  from  129  to 
1309  ml.  Despite  this  difference  in  oxidation  stability,  all  these  engine  oils  operated 
satisfactorily  in  the  field. 

7.  Conclusions  from  Oil  Study. 

a.  The  new  oxidation  test  is  a  reliable  method  for  determining  the  oxida¬ 
tive  stability  of  engine  oil. 

b.  No  specific  components  or  contaminants  present  in  available  samples 
of  base  stocks  and  engine  oils  were  found  to  afffect  the  oxidative  stability  of  these 
oils. 

c.  No  linear  correlation  was  found  between  oxidative  stability  of  base 
stocks  and  that  of  engine  oils  formulated  from  these  stocks. 

d.  No  linear  correlation  was  found  between  oxidative  stability  of  engine 
oil  and  oil  parameters  measured  in  single-cylinder  engine,  multicylinder  engine  and 
field  tests. 

e.  Hie  reasons  for  the  absence  of  correlations  are: 

( I  )  Performance  of  engine  oil  is  not  related  to  specific  limiting  charac¬ 
teristics  of  base  oil. 

(2)  Oxidation  is  a  minor  factor  in  oil  degradation  during  sendee  in 
internal-combustion  engines. 

(3)  Engine  tests  1-38  and  Sequence  VC  evaluate  several  crankcase 
oil  characteristics  in  addition  to  resistance  to  oxidation 

(4)  Based  upon  published  data  (22).  Sequence  IIK' engine  test  does 
not  correlate  with  field  performance  and  one  of  its  characteristics  viscosity  change 
reflects  several  phenomena. 


Tabic  23.  Laboratory  Oil  Oxidation  Results  and  Field  Performance 


Oil  Sample 

OC.  ml 

Field  Test 

Results  of  Field  Test 

AL-6540 

Fonnulated  from 

Re-refined  oil 

963 

San  Diego 

Police  Cruisers 

Satisfactory 

performance 

AL-6541 

Formulated  from 

Re-refined  oil 

‘>01 

San  Diego 

Police  Cruisers 

Satisfactory 

performance 

AL-6542 

Formulated  from 
Re-refined  oil 

1077 

San  Diego 

Police  Cruisers 

Satisfactory 

performance 

AL-5009 

Fonnulated  from 

Synthetic  Hydrocarbon 

714 

Letterkenny  Fleet 
Test 

Satisfactory 

performance 

AL-5680 

Formulated  from 

Synthetic  Hster 

207 

Letterkenny  Fleet 
Test 

Satisfactory 

performance 

AL-5889 

Formulated  from 

Mineral  oil 

1309 

Letterkenny  Fleet 
Test 

Satisfactory 

performance 

AL-6095 

Fonnulated  from 

Mineral  oil 

293 

Letterkenny  Fleet 
Test 

Satisfactory 

performance 

AL-5075 

Formulated  from 

Synthetic  Diester 

129 

Arctic 

Environment 

Satisfactory 

performance 

54 


J 


(5)  In  the  field  service,  oil  degradation  depends  upon  several  param¬ 
eters  such  as  oi)  characteristics,  fuel.  ear.  and  driving  conditions. 

f.  Decreased  costs  of  qualification  testing  of  engine  oils  will  he  achieved 
by  eliminating  the  required  Sequence  111  engine  test  from  Military  Specification 
MIL-L-4M  52. 

VI  l  \IM  RIMI  NTS 

I.  Oxidation  of  Gasolines  and  Their  Constituents  -  Apparatus  and  Procedure. 

1  he  apparatus  consists  of  a  500-ml  stainless  steel  autoclave,  equipped  with  a  magnetic 
stirrer  which  can  be  regulated  to  a  determined  constant  speed,  an  internal  cooling 
coil,  a  temperature  controller,  a  pressure  recorder,  and  a  stirred  silicone  oil  bath 
installed  on  an  electrically  powered  jack  (see  figure  l ). 

In  order  i o  prevent  corrosion  and  avoid  catalytic  effect  of  metals,  the 
autoclave  is  fitted  with  Yiton  O-ring  gaskets  and  the  part  of  the  stirrer  inside  the 
autoclave  is  made  from  a  polycarbonate  resin.  I’he  inside  of  the  autoclave  is  coated 
with  tcllon  To  improve  the  precision  of  the  method  and  to  be  able  to  run  unattended 
tests,  the  svstem  has  been  partially  automated.  The  system  includes  two  timers  for 
controlling  the  tune  of  the  reaction,  heating,  and  cooling.  At  the  end  of  the  preset 
reaction  time,  the  mam  timer  shuts  off  the  heating  and  stirring  mechanisms  and  acti¬ 
vates  the  jack  which  lowers  the  oil  bath.  At  the  same  time,  this  timer  turns  on  a 
second  timer  Ihe  latter  opens  a  solenoid  valve  which  allows  cold  water  from  the 
faucet  to  circulate  through  the  cooling  coil  inside  the  autoclave  for  a  desired  period 
of  time. 

I  he  conditions  of  the  oxidation  test  are:  50-ml  sample  in  a  glass  liner, 
initial  oxygen  pressure  of  100  Ibf'iir  .  reaction  temperature  of  100°(\  internally 
measured,  and  stirring  at  250  r  min.  The  duration  of  the  reaction  is  24  hours,  mea¬ 
sured  from  the  time  of  raising  the  hot  stirred  oil  bath,  to  the  time  of  lowering  it 
at  the  end  of  the  experiment.  No  catalyst  is  used.  At  the  beginning  of  the  test,  after 
placing  the  glass  liner  with  the  sample  in  the  autoclave,  oxygen  is  introduced  until 
a  pressure  of  100  Ibf'in2  is  attained.  The  gas  in  the  autoclave  is  allowed  to  escape 
slowly  in  order  to  purge  the  air  present.  The  purging  is  repeated  three  times.  At 
the  fourth  time,  the  pressure  of  oxygen  is  set  at  100  Ibf.  iir .  The  pressure  is  recorded 
and  observed  for  10  minutes  without  stirring  and  then  for  10  minutes  with  stirring 
to  detect  leaks.  Afterwards,  the  heated  and  stirred  silicon  oil  bath  is  raised.  The 
main  timer  is  set  for  24  hours  and  the  timer  controlling  the  cooling  period,  lor  one 
hour.  At  the  end  of  24  hours,  the  heating  and  stirring  is  shut  off,  the  oil  bath  is 
lowered,  and  the  cold  water  is  circulated  through  the  cooling  coil  for  1  hour. 


Mu*  volume  of*  oxygen  consumed  is  calculated  from  the  pressure  drop  and 
converted  t o  standard  conditions  (0°C’  and  7<>0  mm  hg  pressure).  The  maximal  volume 
of  oxvgcn  which  can  he  consumed  amounts  to  about  IbOO  ml.  Next,  the  pressure 
is  released  slowly  from  the  autoclave.  The  reaction  product  is  separated  into  precipitate 
and  liquid  fraction  In  filtration.  1  he  liquid  filtrate  is  weighed.  The  glass  liner,  the 
autoclave,  and  the  stirrer  are  washed  with  hexane,  and  the  washings  are  filtered  through 
fritted  glass  filter  containing  the  precipitate.  The  precipitate  is  dried  and  weighed. 
I'he  dielectric  constant  and  refractive  index  of  the  liquid  filtrate  and  of  the  starting 
material  are  determined,  l  he  values  of  dielectric  constant  are  obtained  In  measuring 
the  capacitance  of  the  liquids  in  a  high-frequency  oscillometer  at  constant  temperature. 
The  oscillometer  is  calibrated  each  time  with  four  pure  compounds  of  known  dielectric 
constants.  These  compounds  are:  ben/ene.  toluene,  chlorobenzene,  and  carbon 
tetrachloride. 

2.  Oxidation  of  Oils.  A  system  similar  to  the  one  used  for  gasolines  was  em¬ 
ployed  except  the  cooling  coil  which  was  omitted.  More  severe  oxidation  conditions 
were  applied,  a  50-ml  oil  sample  was  stirred  at  350  r  min  and  150°C  for  48  hours. 
The  procedure  was  similar  to  that  employed  for  gasolines. 
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